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2 J.C. Guirado et al.: Space-VLBI phase-reference mapping and astrometry
both sources lie within the primary beam of the HALCA
and the VLBA antennas. This particular conguration
permits an advantageous use of the phase-reference tech-
nique, where the interpolation of the observables in time,
needed by switching schemes, can be avoided (Marcaide
& Shapiro 1983). Systematic errors (among them, orbit
reconstruction errors) are thus largely cancelled. From
the analysis of the phase-reference maps of the observed
sources, upper bounds to the uncertainty of HALCA's or-
bit reconstruction can also be derived.
2. Observations and Data Reduction
Fig. 1. uv-coverage of our space-VLBI observations. The
denser set of points with uv-distances less than 200M
corresponds to ground-based baselines. The outer tracks
correspond to baselines to HALCA.
We made observations of the radio sources B 1342+662
and B 1342+663 on 1999 May 8 from 12:00 to 08:00UT
(next day). We used the complete VLBA (ten 25m anten-
nas), Eelsberg (100m, Germany), and Kashima (34m,
Japan), along with the Japanese satellite HALCA (8m) at
a frequency of 4.8GHz, recording two intermediates fre-
quency (IF) channels of 16MHz each, with a data rate
of 128Mb/s. Five tracking stations received the astro-
nomical data from HALCA through a Ku-band downlink,
namely, Usuda (Japan), Robledo (Spain), Green Bank
(USA), Tidbinbilla (Australia), and Goldstone (USA). We
show in Fig. 1 the uv-coverage of our observations to em-
phasize the improvement in resolution provided by the
baselines to HALCA.





8) on the sky, both sources were observed
Fig. 2. 5GHz hybrid maps of B 1342+662 (upper panel)
and B 1342+663 (lower panel) at epoch 1999.35. Contours
are -0.5,0.5,1,2,4,8,16,32,64, and 90% of the peak of bright-
ness, 0.21 Jy/beam (B 1342+662), and 0.42 Jy/beam
(B 1342+663). The restoring beam (shown at the bot-




simultaneously by HALCA and the ground telescopes, ex-
cept Eelsberg (whose antenna beam at 4.8GHz being 2.
0
5,
switched between the sources; however, the switching time
could not be well optimized for astrometric purposes and
the data of baselines to Eelsberg had to be nally dis-
carded). The data were correlated at the National Radio
Astronomy Observatory (NRAO, Socorro, NM, USA).
Two correlator passes were made, one at the position of
each of the two sources. For each source, and using the
NRAO Astronomical Image Processing System (aips), we
made an a priori visibility amplitude calibration (using
system temperatures and gain curves from each antenna),
and a fringe tting around the sky position used at cor-
relation time. We optimized the 3min-interval fringe so-
lutions with the following iterative procedure: rst, for
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each IF, we found fringe solutions using jointly delay and
delay rates; second, using the previous solution as a pri-
ori and for each IF, we repeated the fringe tting with
narrow search windows in delay (50 ns) and delay rate
(100 mHz); nally, using the previous solution as a priori,
we made a nal fringe tting for both IFs simultaneously
to determine single-band delay, multi-band delay, and de-
lay rate. The procedure described above was needed to
overcome the lack of phase-calibration information for the
satellite data, that prevented detections in several base-
lines to HALCA with a standard fringe tting. As a result
of our fringe tting procedure, both sources were detected
in all baselines, including those to HALCA.
For mapping purposes we transferred the data into the
Caltech imaging program difmap (Shepherd et al. 1995).
We rst performed several iterations of self-calibration
in phase and amplitude using ground-based data alone;
we proceeded further by adding data from HALCA to
the ground-based data set. We used uniform weighting
to obtain maps at maximum resolution (Fig. 2). It can
be seen that using HALCA baselines, jet-like features
are discernible towards the northeast in B 1342+662 and
towards the southwest for B 1342+663, while at ground
resolutions both sources appear unresolved.
3. Results and Discussion
3.1. Phase-reference mapping with HALCA
Having direct detections of both sources for all base-
lines to HALCA allows us to calibrate the goodness of
the phase-reference technique. We performed a phase-
reference analysis within aips (e.g. Beasley & Conway
1995). Although we have for both sources healthy detec-
tions, we chose B 1342+663 (the brighter source of the
pair) to be the reference source. Therefore, the antenna
phase calibrations of B 1342+663 (free from structure
eects by using a hybrid map of the source) were applied
to the B 1342+662 data.
The resulting phases of B 1342+662, as said, referenced to
the position of B 1342+663, can be unambiguously tracked
along the complete experiment (see Fig. 3; left panel). This
is hardly a surprise for ground-ground baselines, but ex-
tremely important for baselines to HALCA: given two ra-
dio sources with a similar relative geometry to that of our
pair, the uncertainties in HALCA's orbit determination
do not prevent the prediction of the phases of one source
from knowledge of the phases of the other. The phases in
Fig. 3 (left panel) show a clear sinusoidal behavior, a result
of the combination of the contributions of the structure of
the target source, uncancelled eects of correlator model
imperfections (necessarily angular-dependent eects), and
error in the relative coordinates of the two sources.
The error in the relative coordinates of the sources is
by far the largest contributor to the non-zero reference-
phases. To show it, we obtained a phase-reference map
of B 1342+662 (Fig. 4) by Fourier inversion of its (phase-
referenced) visibilities. Both the oset with respect to the
origin and, to a much lesser degree, the source structure
(B 1342+662 is fairly compact) account for most of the
systematic eects in the phases (see continuous line in
Fig. 3; left panel). Once the structure contribution and
the contribution of the oset position of B 1342+662 are
removed from the phases, the residual phases do not
show signicant systematic eects (Fig. 3; right panel).
However, the root-mean-square (rms) of these residuals
phases is 90

on HALCA baselines, which provide
an estimate of the inaccuracies of the satellite orbit
reconstruction: at 5GHz, and counting on the strong
cancellation produced by the small separation of our
sources, a rms of 90

of the residual phases corresponds
to 10m uncertainties in HALCA's position. Further, the
dispersion of the phases of some ground-ground baselines
(e.g., baseline FD-SC in Fig. 3) is similar to that of the
ground-space baselines, meaning that a signicant part
of the rms of the ground-space residual phases is due to
\conventional" correlator uncertainties (e.g. geometry of
the ground-based array and/or atmospheric eects over
the ground station). Accordingly, our 10m uncertainty
estimate appears as a fairly conservative upper bound to
the uncertainty in reconstructing HALCA's orbit. This
conjecture can be veried, as shown below, from the
astrometry carried out using dierent phase-reference
maps of B 1342+662.
3.2. Dierential Astrometry
The measurement of the position of the peak-of-brightness
of the phase-reference image in Fig. 4 yields the dier-
ential correction to the a priori positions used in the
correlator model. The peak-of-brightness of B 1342+662 is
located at position  0:562 0:016 mas and 1:383 0:008
mas in right ascension and declination, respectively, where
the quoted errors correspond solely on the uncertainty in
determining the maximum of the brightness distribution
in the image, based on the signal-to-noise ratio and the
interferometric beam size.
To calibrate the contribution of the ground-space base-
lines in the relative astrometry, we made two additional
phase-reference maps of B 1342+662, namely, (1) a map
using only ground-ground baselines (Fig 5; upper panel),
and (2) a map using only ground-space baselines (Fig.
5; lower panel). Each of the maps and osets in Fig.
5 is to be compared with the image shown in Fig. 4
using all data. The ground-only phase-reference map
of B 1342+662 shows, as expected, a point-like source,
while the HALCA-only phase-reference map shows a
clearer dened core-jet structure. The osets of the three
structures from the centers of the maps in Figs. 4 and 5
are extraordinarily similar. The dierence between the
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Fig. 5. Upper panel: 5GHz map of B 1342+662 phase-
referenced to B 1342+663 made with ground-ground data
only. Contours are -2,2,4,8,16,32,64, and 90% of the
peak of brightness, 0.25 Jy/beam. The restoring beam
(shown at the bottom left corner) is an elliptical Gaussian
of 0.90.8mas (P.A. 1

). Lower panel: same as upper
panel but with ground-space data only. Contours are -
4,4,8,16,32,64, and 90% of the peak of brightness, 0.26
Jy/beam. The restoring beam (shown at the bottom left




Our results show that phase-reference techniques can be
applied to pairs of close radio sources using the HALCA
satellite. The dierential phase is unambiguously dened
for ground-space baselines, with a rms of the residual
phases of around 90

. Hence, radio sources with ux den-
sities below HALCA's threshold detection can be observed
if phase-referenced to nearby strong calibrators. We derive
an upper bound of 10m for the uncertainties of HALCA's
position. These uncertainties could be even smaller, as
suggested by the relative astrometry of dierent sets of
phase-reference maps of our sources. With errors of this
magnitude, HALCA is a useful tool for astrometry of close
pairs of radio sources. The next generation of space-VLBI
satellites will surely have a more accurate orbit determina-
tion (better than 10 cm if based on GPS receivers aboard;
Ulvestad 1999). This accurate positions over the entire or-
bit will facilitate the successful application of space-VLBI
to astrometry and geodesy.
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